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We report the first radar soundings of the ionosphere of Mars with the MARSIS (Mars Advanced Radar for Subsurface and Ionosphere Sounding) instrument on board the orbiting Mars Express spacecraft. Several types of ionospheric echoes are observed, ranging from vertical echoes caused by specular reflection from the horizontally stratified ionosphere to a wide variety of oblique and diffuse echoes. The oblique echoes are believed to arise mainly from ionospheric structures associated with the complex crustal magnetic fields of Mars. Echoes at the electron plasma frequency and the cyclotron period also provide measurements of the local electron density and magnetic field strength.
The Mars Express spacecraft (1) , currently in orbit around Mars, carries a low-frequency radar (2) called MARSIS. Here, we present the first ionospheric sounding results from MARSIS. Spacecraft radar sounders were originally developed in the 1960s to study Earth_s ionosphere (3) (4) (5) and have proven to be a powerful tool for studying ionospheric physics. Currently, most of our knowledge of the Martian ionosphere comes from radio occultation measurements, which provide an average electron density along a line of sight from Earth to a spacecraft in orbit around Mars (6) (7) (8) (9) . The MARSIS measurements nicely complement these measurements by providing better spatial resolution and the ability to make observations in regions where radio occultation measurements cannot be made. Because of geometric constraints imposed by the orbits of Earth and Mars, radio occultation measurements are restricted to solar zenith angles from about 48-to 132-. A horizontally stratified ionosphere provides an almost perfectly reflecting surface for radio echo sounding. The reflection ( Fig. 1 ) occurs because free-space electromagnetic radiation cannot propagate at frequencies below the electron plasma frequency (10) , which is given by f p 0 8980 ffiffiffiffi ffi n e p Hz, where n e is the electron number density in cm -3 . The MARSIS ionospheric soundings are carried out by transmitting a short pulse at a frequency f and then measuring the time delay, Dt, for the echo to return. The time delay is measured as a function of frequency by sequentially stepping the transmission frequency over the frequency range of interest. Three types of echoes usually occur (Fig. 1) . The first is a very strong Bspike[ at the local electron plasma frequency, f p (local). This response is caused by excitation of electrostatic oscillations at the electron plasma frequency (10) . The second is an echo from the ionosphere that extends from f p (local) to the maximum plasma frequency in the ionosphere, f p (max), above which the radio wave can penetrate through the ionosphere to the surface. The third is a surface reflection that extends from f p (max) to the maximum sounding frequency. The ionospheric echo and the surface reflection come together in a sharply defined cusp, centered on f p (max). The cusp occurs because the propagation speed of the wave packet (i.e., the group velocity) is very small over an increasingly long path length as the wave frequency approaches f p (max).
Observations. The Mars Express spacecraft is in an eccentric orbit around Mars with a periapsis altitude of about 275 km, an apoapsis altitude of about 10,100 km, an orbital inclination of 86-, and a period of 6.75 hours. A typical MARSIS ionospheric sounding pass lasts about 40 min and starts at an altitude of about 1200 km on the inbound leg, extends through periapsis, and ends at an altitude of about 1200 km on the outbound leg. Because of gravitational perturbations, the local time and latitude of periapsis evolve rather rapidly. Most of the data collected so far (June to October 2005) have been from the day side of Mars, although a small amount is available from the night side near the evening terminator. The ionospheric soundings are typically displayed in the form of an ionogram, which is a plot of the echo strength versus frequency and time delay. Two ionograms (Fig. 2) have been selected to illustrate the range of phenomena typically observed. The closely spaced vertical lines in the upper left corner of the first ionogram ( Fig. 2A) are at harmonics of the local electron plasma frequency and are caused by the excitation of electron plasma oscillations, in this case at a frequency that is slightly below the low-frequency cutoff (100 kHz) of the receiver. Even though the fundamental of the plasma frequency is not observed directly in this case, the plasma frequency can still be determined from the spacing of the harmonics and is f p (local) 0 44 kHz. At somewhat higher frequencies, from about 0.5 to 1.7 MHz, a strong, well-defined ionospheric echo can be seen with time delays ranging from about 4 to 5 ms. At even higher frequencies, from about 1.7 to 5.5 MHz, a strong reflected signal from the surface of Mars is apparent. The maximum plasma frequency in the ionosphere, f p (max), can be identified from the cusp and is 1.71 Fig. 1 . The top panel shows a representative profile of the electron plasma frequency f p in the martian ionosphere as a function of altitude z, and the bottom panel shows the corresponding ionogram, which is a plot of the delay time Dt for a sounder pulse at a frequency f to reflect and return to the spacecraft. The intense vertical ''spike'' at the local electron plasma frequency, fp(local), is caused by electron plasma oscillations excited by the sounder pulse. At frequencies from f p (local) to the maximum frequency in the ionosphere, f p (max), an ionospheric echo is detected, followed at higher frequencies by a reflection from the surface. The ionospheric echo trace and the surface reflection trace form a cusp centered on f p (max). MHz. An unexpected feature is the presence of a second ionospheric echo with time delays ranging from about 6.3 to 7.1 ms. This echo has to arise from an oblique reflection, because the apparent range (cDt/2, where c is the speed of light) given on the right side of the spectrogram is substantially greater than the distance to either the ionosphere or the surface.
The origin of such oblique echoes will be discussed later. Another unexpected effect, consisting of a series of echoes equally spaced in time, is seen along the left edge of the second ionogram (Fig. 2B) . Comparisons of these echoes with the magnetic field model of Cain et al. (11) show that the repetition rate of these echoes, 1/T c , is almost exactly the local electron cyclotron frequency, f c 0 28 B Hz, where B is the magnetic field strength in nT. Because of the close relation to the electron cyclotron frequency, these echoes are called ''electron cyclotron echoes.'' Such echoes are very common and are usually present whenever the magnetic field strength is greater than a few tens of nT. We believe that these echoes are caused by electrons accelerated by the strong electric fields near the antenna during each cycle of the transmitter waveform. The cyclotron motion of the electrons in the local magnetic field then causes these electrons to periodically return to the vicinity of the antenna, where they induce a signal on the antenna. For this process to occur, the magnetic field strength must be reasonably uniform over a spatial region comparable to the cyclotron radius. For a magnetic field strength of 100 nT, which is a typical crustal field strength at the spacecraft, and a voltage of 500 V, which is the typical antenna voltage, the cyclotron radius is about 1 km. Because the crustal magnetic fields have scale sizes of hundreds of kilometers, this condition is easily satisfied.
In contrast to the first ionogram ( Fig. 2A ), no surface reflection can be detected in the second ionogram (Fig. 2B ). The intensity of the surface reflection is found to be highly variable, a topic of considerable importance for subsurface sounding. Some of this variability can be attributed to solar activity. For example, surface reflections disappeared completely about 2 days after a class X17 solar flare that occurred on 7 September 2005 and did not reappear until 23 September, nearly 2 weeks later. Although further analysis is needed, it seems almost certain that the absorption is caused by energetic charged particles produced by solar flares. The onset of the absorption is usually delayed by a day or more after a flare and tends to last many days, much longer than the typical time scale for decay of the ultraviolet and x-ray radiation associated with a flare. At Earth it is well known that energetic protons from solar flares cause enhanced ionization and absorption of radio waves in the lower levels of the ionosphere (12) , and a similar process may occur at Mars. In addition to the solar flare control, the absorption also appears to increase with decreasing solar zenith angle. Even during periods of low solar activity, surface reflections are rarely observed when the solar zenith angle is less than about 40-.
Ionospheric density models. To compare the MARSIS ionospheric soundings to various ionospheric models, it is necessary to convert the soundings to usable electron density profiles. Although a rough estimate of the density profile can be obtained from the apparent range to the reflection point, for accurate measurements it is necessary to correct for dispersion, which is the effect the plasma has on the propagation speed of the wave. For vertical incidence on a horizontally stratified ionosphere, the round-trip delay time as a function of frequency, Dt( f ), is given by the integral
where the integration is carried out from the reflection point altitude, z( f p ), to the spacecraft altitude, z sc . Because Dt( f ) is known from the ionospheric echo trace, the basic problem is to invert the integral to obtain z( f p ), i.e., the altitude of the reflection point as a function of the plasma frequency. Once this is known, the equation f p 0 8980 ffiffiffiffi ffi n e p can be used to obtain z(n e ). Although the mathematical techniques for carrying out this inversion are straightforward, there are sometimes practical difficulties. For example, the ionospheric echo trace often does not extend down to the local plasma frequency (Fig. 2) . In such cases it is necessary to make a reasonable guess as to how the echo trace extends from the lowest frequency measured to the local plasma frequency. Normally the inversion is not very sensitive to this choice, because the correction to the propagation speed becomes quite small when the plasma frequency is well below the wave frequency.
An example of an electron density profile obtained by inverting Eq. 1 is shown (Fig. 3A) . This profile was obtained by using both the ionospheric echo trace and the surface reflection trace (Fig. 2A) . Our approach was to select a theoretical model for the density profile and then adjust the parameters in the model to give the overall best fit to the measured time delays. For a density model, we use the following equation from Chapman (13) n e 0 n 0 exp 1 2
where z is the altitude, n 0 is the maximum electron density at the subsolar point, and z 0 is the altitude of this maximum. The function Ch(x, c) is called Chapman's grazing incidence function and takes into account the absorption of the solar radiation as it passes obliquely through the atmosphere. This function depends on the solar zenith angle c and a dimensionless parameter x 0 (R M þ z 0 )/H, where R M 0 3396 km is the radius of Mars, and H is the scale height of the neutral atmosphere. Ch(x, c) can be computed from a power series (13) or from a table provided by Wilkes (14) . The fit to the top-side electron density profile is very good (Fig. 3A) . The maximum electron density, n max 0 3.58 Â 10 4 cm -3 , and the altitude of the maximum, z max 0 195 km, are in reasonable agreement with radio occultation results at this solar zenith angle (6, 7) . Although the bottom-side electron density profile cannot be expected to represent complicated features such as multiple density layers, the model does accurately represent the top-side electron density profile near the peak and the total electron content (TEC) through the ionosphere, which is determined by the dispersion of the surface reflection. The total electron content is defined as the integral Xn e dz along a vertical line through the ionosphere and, in this case, is TEC 0 3.7 Â 10 11 cm -2 . The deviation of the measured electron densities from the model at altitudes above about 300 km is probably caused by upward diffusion of plasma away from the region of photochemical equilibrium described by Chapman's model.
To study the dependence of the maximum electron density n max on the solar zenith angle c, the maximum frequencies of the ionospheric echo traces have been measured for 12 randomly selected passes from 5 July to 10 October 2005. During this time, the solar zenith angle at periapsis systematically decreased from 98-to 16-, thereby providing a good sampling of solar zenith angles. A scatter plot of the measured f p (max) values is shown (Fig.  3B) as a function of solar zenith angle. As can be seen, the maximum plasma frequency has a very clear systematic dependence on solar zenith angle, varying from about 3.9 MHz near the subsolar point to less than 1 MHz on the night side. A scale showing the corresponding electron density values is given on the right side of the plot. These electron densities are in good agreement with the results from radio occultation measurements (6, 7) but slightly higher than the in situ Viking 1 and 2 measurements (15) , which were obtained during a less active phase of the solar cycle.
The solar zenith angle dependence (Fig.  3B) can be compared directly with the predictions of Chapman's electron density model. In Chapman's model, the maximum electron density in the ionosphere is given by n e ðmaxÞ 0 ðq 0 =aÞ 1=2 =Chðx; cÞ 1=2 ð3Þ where q 0 is the ionization rate at the subsolar point and a is the recombination rate. The best fit of this equation to the measured n e (max) values is shown by the red line. This fit uses the same basic parameters as in the first fit (Fig. 3A) , with the exception of the parameter (q 0 /a) ½ 0 1.98 Â 10 5 cm -3 , which has been adjusted to give the best overall fit. The fit has been purposely selected near the most dense cluster of points, ignoring the outlying points. The outlying points are almost certainly influenced by solar events. For example, the sharp peak in the density that occurred during a pass at a solar zenith angle of about 34-coincides with a class X1. Fig. 2A) are a common feature in the MARSIS ionograms. Inspection of successive ionograms shows that the range of these echoes systematically either increases or decreases with increasing time and sometimes merges with the vertical echoes. A good way to study these echoes is to make a plot of the echo strength at a fixed frequency as a function of time and apparent altitude (Fig. 4) . Apparent altitude is defined as the spacecraft altitude minus the apparent range. In this display, the vertical echo is the nearly horizontal line at an altitude of about 120 km. The oblique echoes almost always have the shape of a downwardfacing hyperbola, sometimes consisting of both branches, but more frequently consisting of only one branch or part of a branch. Sometimes the apex of the hyperbola merges with the vertical echo, as in the event marked A. In a radar display of this type, hyperbola-shaped echoes are characteristic of relative motion between the radar and an off-vertical target. The asymptotic slopes of the hyperbola-shaped echoes are consistent with the motion of the spacecraft relative to a feature that is fixed with respect to Mars. We have verified this hypothesis by comparing repeated passes over the same region of Mars. Such comparisons show that nearly identical hyperbola-shaped features often reappear over the same region. The ones that do not show a good pass-to-pass correlation often occur in very complicated regions with many overlapping echoes, such as near the center of Fig. 4 .
Strong evidence exists that most of the oblique ionospheric echoes are related to ionospheric density structures caused by the crustal magnetic fields discovered by the Mars Global Surveyor spacecraft (17) (18) (19) . In a comparison (bottom panel of Fig. 4 ) with the crustal magnetic field computed at an altitude of 150 km using the global magnetic field model developed by Cain et al. (11) , the oblique echoes are seen to occur in the region where strong magnetic fields are present. Inspection of other Fig. 3 . Two illustrations comparing electron densities obtained from ionospheric soundings to the Chapman (13) ionospheric density model. The diamondshaped points in (A) give the electron density profile computed from the ionospheric echo trace in Fig. 2A after correcting for dispersion. The red curve gives the best fit to this density profile, while simultaneously providing a good fit to the surface reflection trace. The best-fit parameters are n 0 0 1.32 Â 10 5 cm -3 , z 0 0 130 km, z max 0 195 km, n max 0 3.58 Â 10 4 cm -3 , H 0 25 km, x 0 141, and Ch(x, c) 0 13.5. Plot (B) shows the maximum plasma frequency in the ionosphere, f p (max), as a function of solar zenith angle c for 12 randomly selected orbits. The corresponding electron density is shown on the right side of the plot. The red line is the best fit to the Chapman electron density model using (q 0 /a) 1/2 0 1.98 Â 10 5 cm -3 .
on June 4, 2010 www.sciencemag.org similar plots confirms this basic relationship. Although the detailed correlation between the oblique echoes and the magnetic field is often complicated and difficult to resolve, in some cases, such as event A in Fig. 4 , the relationship is quite clear. For this event, the apex of the hyperbola-shaped echo is coincident with a well-defined peak in the magnetic field. Furthermore, near the apex, the altitude of the oblique echo (which has merged with the vertical echo) is clearly seen to be greater than the altitude of the surrounding ionosphere, which indicates an upward bulge in the ionosphere. Note also that the magnetic field is nearly vertical in this region, as can be seen by the radial (vertical) component, B r , which is much stronger than either the southward, B q , or eastward, B 8 , components. These and numerous other similar observations lead us to conclude that the oblique echoes usually arise from an upward bulge in the ionosphere in a region where the magnetic field is nearly vertical (Fig. 5A) . As the spacecraft approaches the bulge, oblique echoes start as soon as the constant density surface ( f 0 f p ) is normal to the line of sight from the spacecraft (Fig. 5B) . Two echoes are then detected until the spacecraft is nearly over the bulge, at which point the vertical echo disappears or merges with the oblique echo as the spacecraft passes over the bulge. This basic model is consistent with radar occultation measurements that show an increase in the scale height in regions where the crustal magnetic field is nearly vertical (20) (21) (22) (23) . The bulge is believed to be due to heating and the resulting increase in the scale height, caused by solar wind electrons that have access to the lower levels of the ionosphere along open magnetic field lines (20, 23) . More complex structures probably exist in regions where the magnetic field is very complex, such as near the middle of the plot in Fig.  4 , or in regions where the crustal magnetic fields are strong enough to stand off the solar wind (24) .
Although crustal magnetic fields are almost certainly involved in producing the majority of the oblique echoes, cases have been found where the echoes exist in regions where the Cain et al. model does not predict detectable crustal magnetic fields. We do not know if these cases involve a failure of the Cain et al. Fig. 4 . The top panel shows echo strengths at a frequency of 1.9 MHz plotted as a function of time and apparent altitude, which is the spacecraft altitude minus the apparent range of the echo. The bottom panel shows three components, B r , B q , and B 8 , of the crustal magnetic field and the magnitude of the magnetic field, kBk, computed from the Cain et al. magnetic field model at an altitude of 150 km. The nearly horizontal echoes at an altitude of about 120 km are vertical echoes, and the downward-facing hyperbola-shaped features are oblique echoes. This and other similar examples provide strong evidence that density structures related to crustal magnetic fields are responsible for most of the oblique echoes. Most of the events occur at angles less than about 40-, indicating that the density structures responsible for the oblique echoes tend to occur in regions where the magnetic field is nearly vertical. (B) A sketch of the ionospheric density structures that are thought to be responsible for the oblique ionospheric echoes. As the spacecraft approaches the bulge in the ionosphere, the sounder detects two echoes, a vertical echo from the ionosphere and an oblique echo from the bulge. As the spacecraft passes over the bulge, the vertical echo either merges with the oblique echo or disappears entirely, depending on the exact shape of the bulge. The bulge in the ionosphere is believed to be due to ionospheric heating caused by hot solar wind electrons that reach the lower levels of the ionosphere along open magnetic field lines.
on June 4, 2010 www.sciencemag.org model or whether there are other mechanisms for producing such echoes. Possible mechanisms are wind-driven atmospheric waves excited by topographic features and various types of wavelike structures in the ionosphere driven by interactions with the solar wind.
Conclusion. The MARSIS ionospheric soundings have shown that the ionosphere of Mars is in good agreement with the expectations of Chapman's 1931 photoequilibrium theory for the origin of planetary ionospheres. The soundings have also revealed a number of unexpected features. These include echoes that reoccur at the electron cyclotron period, large variations in the absorption apparently caused by energetic solar events, oblique echoes caused by ionospheric structures associated with the crustal magnetic fields of Mars, diffuse echoes apparently caused by scattering from ionospheric irregularities, and ionospheric holes. Because the subsurface soundings must occur at frequencies well above the maximum electron plasma frequency in the ionosphere and under conditions of low ionospheric absorption, these measurements have already proved to be quite useful for planning subsurface sounding operations. The electron cyclotron echoes also provide a new method of measuring the local magnetic field strength, which is useful because Mars Express does not have a magnetometer.
